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ABSTRACT

We perform an analysis of thefflise low-frequency Galactic components in the Southerngdatte Gould Belt system (130< | < 230 and
-50° < b < -10°). Strong UV flux coming from the Gould Belt super-associati® responsible for bright ffuse foregrounds that we observe
from our position inside the system and that can help us ivgour knowledge of the Galactic emission. Free-free emrisand anomalous
microwave emission (AME) are the dominant components atftequencies < 40 GHz), while synchrotron emission is very smooth and
faint. We separate fluse free-free emission and AME from synchrotron emissiahthermal dust emission by usifjanck data, complemented
by ancillary data, using the “Correlated Component Analy§CCA) component separation method and we compare withethalts of cross-
correlation of foreground templates with the frequency sadjge estimate the electron temperatligdrom Ha and free-free emission using two
methods (temperature-temperature plot and cross-ctomland we consistently obtaif, ranging from 7000 to 2000 K for a dust absorption
fraction of fy = 0-0.5. We estimate the frequency spectrum of tHRusik AME and we recover a peak frequency (in flux density uiis)
255 + 1.5 GHz. We verify the reliability of this result with realistsimulations that include the presence of biases in therspecodel for the
AME and in the free-free template. By combining physical eledor vibrational and rotational dust emission and addlegconstraints from the
thermal dust spectrum froflanck andIRASwe are able to get a good description of the frequency spaatfithe AME for plausible values of
the local density and radiation field.

Key words. Galaxy: general — radio continuum: ISM — radiation mechasisgeneral

1. Introduction namely free-free emission, synchrotron emission, anonsalo
. 1 . microwave emission (AME) and thermal (vibrational) dusig&m
The wide frequency coverage of télanck: data gives a gjon The diferent frequency spectra of the components and
unique opportunity to study the main four Galactic foregrdsi qir gifferent spatial morphologies provide a means for sep-
N - . . arating the emission components. In this paper we apply the
anng%gﬁ:ﬁﬁgr'ggnch ester a@ﬂ?or. A. Bonaldi Correlated Component Analysis method (CCA, Bonaldi et al.
' e 2006, Ricciardi et al. 2010), which uses the spatial morpinpl

1 Planck (httpy/www.esa.intPlanck ) is a project of the European -
Space Agency (ESA) with instruments provided by two scintion- of the components to perform the _sepc’?lratlon. The local G(.)UId
sortia funded by ESA member states (in particular the leathtries Belt system of current star formation is chosen as a particu-

France and Italy), with contributions from NASA (USA) andetscope  larly interesting area in which to make an accurate separati
reflectors provided by a collaboration between ESA and asiecon-  Of the four foregrounds because of th&eiient morphologies of
sortium led and funded by Denmark.
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the components. Gould (1879) first noted this concentraifon
prominent OB associations inclined at’26 the Galactic plane.
It was next identified as an Heature (Davies 1960, Lindblad
1967). Along with velocity data from iHand CO combined with ;
stellar distances fromlipparchos the total system appears to be 4
a slowly expanding and rotating ring of gas and dust surrmgnd
a system of OB stars within 500 pc of the Sun (Lindblad et al
1997). A recent modelling of the Gould Belt system by Perrot &
Grenier (2003) gives semi-axes of 3¥233 pc inclined at 17
with an ascending node bt= 296" and a centre 104 pc distant
from us lying atl = 18C°. The Gould Belt thickness is 60 pc.
The stars defining the system have ages less thax 18yr.

The free-free emission from ionized hydrogen is well-
understood (Dickinson et al. 2003)atik a good indicator of the

emission measure in regions of low dust absorption. Elsesvhe .

: ; ; . 1. Orthographic projection (looking towards the Galactictoein
a correction has to be applied, which depends on where the thlg- left panel and the Galactic anti-centre in the right paokthe

S?rblng d.USt. lies relative to ltheMemls%pn.bThﬁ CONVErSION o ohk CMB-subtracted 30 GHz channel showing the Gould Belt and
of an emission measure value to a radio brightness tempefa- region of interest for this paper (defined by 1301 < 230 and

ture at a given frequency requires a knowledge of the electrosy <p < _107).
temperature. Alternatively, an electron temperature caidy
rived by assuming a value for the dust absorption. Values for
the electron temperature of 4000-8000K are found in similar
studies (Banday et al. 2003, Davies et al. 2006, Ghosh etwhich can be approximately defined by Galactic coordinates
2012). Radio recombination line observations on the Gialacl30 < | < 230 and-50° < b < -1 (see Fig. 1). This
plane (Alves et al. 2012) give values that agree with those-of choice gives us a cleaner view of the Gould Belt, because the
dividual Hu regions, having temperatures that rise with increabackground emission from the Galactic Plane is weaker here
ing distance from the Galactic centre; the value at the shtar than towards the Galactic centre. Notable structures wite
tance where the current study applies is 7000-8000K. region are the Orion complex, Barnard’'s arc and the Taurus,
The spectrum of synchrotron emission reflects the spectriaridanus, and Perseus star-forming complexes. All these em
of the cosmic-ray electrons trapped in the Galactic magneting regions, including the @iuse emission from the Eridanus
field. At frequencies below a few GHz the brightness tempeshell at-50° < b < —30°, are at a distance of approximately
ature spectral indegs, is ranging from-2.5to-2.7 (Broadbent 500 pc from us and thus they belong to the local inter-stellar
et al. 1989). Between 1.0 GHz aleMAP andPlanck frequen- medium (ISM) associated with the Gould Belt (e.g. Reynolds
cies, the spectral index steepens to values fréh® to —-3.1 & Ogden 1979, Boumis et al. 2001).
(Banday et al. 2003, Davies et al. 2006, Kogut et al. 2011). In Fig. 2 we show the CMB-subtract&fianck data at 1 res-
Thermal dust dominates the Galactic emissioRlahck fre-  olution, compared with the Haslam et al. (1982) 408 MHz map,
guencies above 100 GHz. The spectrum is well-defined hehe withich mostly traces the synchrotron component, the Diakins
temperaturdy ~ 18 K and spectral indegq ranging from 1.5to etal. (2003) ki map, tracing free-free emission, and the 400
1.8 (Planck Collaboration XIX 2011). In the frequency rangeap from Schlegel et al. (1998), tracing the dust emission.
60-143 GHz the dust emission overlaps that of the free-frébe visual inspection reveals dust-correlated featurksatre-
emission and AME, making it a critical range for componergtuency, which could be attributed to AME. There is also promi
separation. nent free-free emission, especially strong in the Barisaadc
The AME component is highly correlated with the far infrategion (towards = 207,b = —18). The synchrotron compo-
red dust emission (Kogut 1996, Leitch et al. 1997, Banday. et 8ent appears to be sub-dominant with respect to the free-fre
2003, Lagache 2003, de Oliveira-Costa et al. 2004, Finldseiremission and the AME.
et al. 2004, Davies et al. 2006, Dobler & Finkbeiner 2008a, This work aims to separate and study thefudie low-
Miville-Deschénes et al. 2008, Ysard et al. 2010, Gold et drequency foregrounds, in particular AME and free-free mi
2011, Planck Collaboration XX 2011) and is believed to be tigon, in the region of interest. This requires the estinmatd
result of electric dipole radiation from small spinning tigsains  the spectral behaviour of the AME (carried out in Sect 4). We
(Erickson 1957, Draine & Lazarian 1998) in a range of envEompare this spectrum with predictions for spinning dusisem
ronments (Ali-Haimoud et al. 2009, Ysard & Verstraete 2010sion, one of the mechanisms that is most often invoked tcaéxpl
AME is seen in individual dust clouds associated with molecAME (Sect. 7). Having a reconstruction of the free-free emis
lar clouds, photo-dissociation regions, reflection nebalad Hi ~ Sion, we estimate the free-free electron temperature (8gct
regions (Planck Collaboration XX 2011). In the presentgiwd Which relates free-free brightness to emission measucejran
will be examining the AME spectrum in more extended regionfSESti_gate the dependence of this result on the dust absorpti
raction.

.'

2. Definition of the region of interest and aim of the

work 3. Description of the analysis

The projection of the Gould Belt disc on the sky is a strip that 3.1. Input data

superimposed on the Galactic plane, except towards thet@alaPlanck (Tauber et al. 2010; Planck Collaboration | 2011) is the
centre (Northern Gould Belt) and arouhd= 180 (Southern third generation space mission to measure the anisotrotheof
Gould Belt). In this work we consider the Southern Gould Beltosmic microwave background (CMB). It observes the sky in
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Fig. 2. Gnomonic projections of the region of interest. Top panéislam et al. (1982) 408 MHz map (left)pHnap from Dickinson et al. (2003)
(middle); and 10&m map from Schlegel et al. (1998) (right) at native resolutigliddle panels (left to right)Planck CMB-subtracted 30, 44,
and 70 GHz maps af Xesolution. Bottom panels (left to rightPlanck CMB-subtracted 143, 353, and 857 GHz atrdsolution.

nine frequency bands covering 30-857 GHz with high sensitition of radiative cooling and three mechanical coolers poed

ity and angular resolution from 310 5. The Low Frequency the temperatures needed for the detectors and optics KPlanc
Instrument (LFI; Mandolesi et al. 2010; Bersanelli et al1l@0 Collaboration 1l 2011). Two data processing centres (DPCs)
Mennella et al. 2011) covers the 30, 44, and 70 GHz bands witheck and calibrate the data and make maps of the sky (Planck
amplifiers cooled to 20 K. The High Frequency Instrument (HFHFI Core Team 2011b; Zacchei et al. 201R)anck’s sensitiv-
Lamarre et al. 2010; Planck HFI Core Team 2011a) covers tityy angular resolution, and frequency coverage make itva-po
100, 143, 217, 353, 545, and 857 GHz bands with bolometendul instrument for galactic and extragalactic astroptg/sis
cooled to 0.1 K. Polarization is measured in all but the highewell as cosmology. Early astrophysics results are givetandk

two bands (Leahy et al. 2010; Rosset et al. 2010). A combin@ellaboration VIII-XXVI 2011, based on data taken between



Planck Collaboration et al.: Galacticfllise components in the Gould Belt system

Table 1. Summary ofPlanck data. whereG = 3.96(T4)%?1(v/40) %4 is the Gaunt factor, which is
responsible for the departure from a pure power-law behavio
T, is the electron temperatufg in units of 1#K (Te can

Central frequency Instrument  Resolution range over 2000—20000K, but for most of the ISM it is 4,000—
[GHZ] [arcmin] 15,000K).
28.5 Planck LFI 32:65 The spectral behaviour of synchrotron radiation can be de-
44.1 Planck LFI 27:92 scribed to first order by a power-law model with spectral inde
70.3 Planck LFI 1301 SBs that typically assumes values fron2.5 to —3.2, depending
100 Planck HFI 9.88 on the position in the sky. Steepening of the synchrotro-spe
143 Planck HFI 7:18 tral index with frequency is expected due to energy losséisef
217 Planck HFI 487 electrons
353 Planck HFI 4765 ) . .
; The frequency scaling of the AME component is the most
545 Planck HFI 4772 . A .
857 Planck HEI 4'39 poorly constrained. The distinctive feature is a peak add20+

40 GHz (Draine & Lazarian 1998, Dobler & Finkbeiner 2008b,
Dobler et al. 2009, Hoang et al. 2011). However, a power-law
behaviour is compatible with most detections above 23 GHz
13 August 2009 and 7 June 2010. Intermediate astrophysics(Banday et al. 2003, Davies et al. 2006, Ghosh et al. 20123. Th
sults are now being presented in a series of papers basedeon géuld be the result of a superposition of more peaked compo-
taken between 13 August 2009 and 27 November 2010. nents along the line of sight or could indicate a peak frequen
The Planck data used throughout this paper are an interniawer than 23 GHz. The most receMMAP 9-yr results quote
data set known as DX7, whose properties are described in appeak frequency at low latitudes ranging from 10 to 20 GHz
pendices to the LFI and HFI data processing papers (Plarfok the spectrum in IK_; units, which means 20-30 GHz when
Collaboration I1 2013; Planck Collaboration VI 2013). Hoxee, considering flux density units.
we have tested the analysis to the extent that the resultaatil

change if carried out on the maps which will be released to the . o
public in March 2013. 3.3. Component separation pipeline

The specifications of théPlanck maps are reported in Several component separation methods adopt the lineanraixt
Table 1. The dataset used for the analysis consists of fsil rglata model (see Appendix A for full derivation). For eaclelof
olution frequency maps and the corresponding noise informgght we write:
tion. We will indicate whenever the CMB-removed version of
this dataset has been used for display purposes. X =Hs+n, ()

When analysing the results we apply a point sour
mask based on blind detection of sources abowei® each
Planck map, as described in Zacchei et al. (2011) and Plan
HFI Core Team (2011b). Ancillary data have been used throu
out the paper for component separation purposes, to siethiat
sky and data, or to analyse our results. The full list of daugil
data is reported in Table 2 with the main specifications.

f%herex andn contain the data and the noise signals. They are
vectors of dimensioMy, which is the number of frequency chan-
Is considered. The vectgrhaving dimensioilN;, contains the
. unknown astrophysical components (e.g. CMB, dust emis-
sion, synchrotron emission, free-free emission, AME) amal t
Ng x N¢ matrix H, called the mixing matrix, contains the fre-
guency scaling of the components for all the frequencies. Th
elements of the mixing matrix are computed by integratirey th
3.2. Components source emission spectra within the instrumental bandjgéssn
) ) working in the pixel domain, Eq. (3) holds under the assuampti
The main difuse components present in the data are CMB agght the instrumental beam is the same for all the frequeinayc
Galactic synchrotron emission, free-free emission, tilédust nels. In the general case, this is achieved by equalizingete
emission, and anomalous microwave emission (AME). The frgition of the data maps to the lowest one. When working in the
quency spectrum of the CMB componentis well-known: it is agrarmonic or Fourier domain, the convolution for the insteum
curately described by a black-body having temperafigis =  tal beam is a multiplication and is linearized without assuna
2.7255K (Fixsen 2009). common resolution.
Thermal dust emission dominates at high frequencies. Its Within the linear model, we can obtain an estimaiaf the
spectral behaviour is a superposition of “grey-body” comgrs  components through a linear mixture of the data:
identified by temperatur€yystand emissivity indegy:
§=WXx, (4)

Ba+1 _
Traaus(v) o< v2/[exp(tw/KTaus) - 1], () whereW is called the reconstruction matrix. Suitable reconstruc-

wherek is the Boltzmann constant amds the Planck constant. ion matrices can be obtained from the mixing maktixor ex-

In the approximation of a single component, over most of tfé"Ple:

sky we haveTgyst » 18K _and,Bd of 1.5-1.8 (Finkbeiner et a!. W = [HTCtH]HTC:? (5)

1999, Planck Collaboration XIX 2011, Planck Collaboration

XXV 2011). is called the generalized least square (GLS) solution amyl on
The frequency spectrum of the free-free component is oftdepends on the mixing matrix and on the noise covarignce

described by a power-law with spectral indeX 14 in RJ units. The mixing matrix is the key ingredient of component sep-

A more accurate description (see, e.g. Planck Collabara¢ aration. However, as discussed in Sec. 3.2, the frequersmy sp

2011) is given by tra of the components are not known witHfitient precision to

perform an accurate separation. To overcome this problem, o
Trag(v) o« G(v) x (v/10)2, (2) component separation pipeline implements a first step irchvhi
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Table 2. Summary of ancillary data.

Central frequency Label Resolution Reference
[GHZ] [arcmin]
0.408 Haslam 60 Haslam et al. (1982)
Ha 60 Dickinson et al. (2003)
Ha 6-60 Finkbeiner (2003)
22.8-94 WMAP 7-yr 56.8-13.8 Jarosik et al. (2011)
94 60 Finkbeiner et al. (1999)
2997 10Qum 5 Schlegel et al. (1998)
24983, 2997 IRISBand 1, 4 4 Miville-Deschénes & Lagaché@@0
E(B-V) 5 Schlegel et al. (1998)

the mixing matrix is estimated from the data and a second oimg obtained the window functiow,gf), corresponding t@®y, by

in which this result is exploited to reconstruct the ampléts of | ggendre transformin@v”, squaring the result, and Legendre
the components. transforming back.

The smoothing process also correlates noise betweksr-di
ent pixels, which means that the RMS per pixel obtained as de-
tailed above is not a complete description of the noise ptigse

For the mixing matrix estimation we rely on the CCA (BonaldHowever, the estimation of the full covariance of noise (asd

et al. 2006, Ricciardi et al. 2010), which exploits secondep Propagation through the separation in Eqgs. (4) and (5)) i ve
statistics of the data to estimate the frequency scalingeoéom- computationally demanding. In this work we take into acdoun
ponents on defined regions of the sky (sky patches). We used@Rly the diagonal noise covariance and neglect any coivelat
harmonic-domain version of the CCA, whose basic principi@¢tween noise in dierent pixels. In a signal-dominated case,

of operation are reported in Appendix A. This code works ogtich as the one considered here, the errors on the noise model
square sky patches using Fourier transforms. It explo@sitta have very small impact on the results.

auto- and cross-spectra to estimate a set of parametergitegc
the frequency scaling of the components. The patch-byhpese
timation prevents the detection of small-scale spatiabtians 4 AME frequency spectrum

of the spectral properties. On the other hand, by using & lasgie modelled the mixing matrix to account for five components:

number of samples we retain more information, which prasidgMB; synchrotron emission; thermal dust emission; fresfr

good constraints, even when the components have similar spémission: and AME. We neglected the presence of the CO com-

tral behaviour. The CCA has been successfully used to sepaksbnent by excluding from the analysis the 100 and 217 GHz

the synchrotron, free-free and AME components ffdfMIAP  pjanck channels, which are significantly contaminated by the

data in Bonaldi et al. (2007). CO linesd = 1 — 0 andJ = 2 — 1 respectively (Planck
We used a patch size of 2& 20°, obtained as a tradeffo HFI Core Team 2011b). CO is also present at 353 GHz, where

between having enough statistics for a robust computationipcan contaminate the dust emission by up to 3% in the region

the data cross-spectra and limited spatial variabilityheffore- of interest, and at 545 and 857 GHz, where the contaminagion i

ground properties. Given the dimension of the region ofrége negligible. For the estimation of the mixing matrix we uskd t

we have 10 independent sky patches. However, exploiting a fellowing dataset:

dundant number of patches, widely overlapping with eattemnt

enables us to eradicate the gaps between them and obtain arePlanck 30, 44, 70, 143 and 353 GHz channels;

sult that is independent of any specific selection of patdes — WMAP 7-yr K band (23 GHz);

covered the region of interest with patches spaced’tig Both ~ — Haslam 408 MHz map;

latitude and longitude. By re-projecting the results of @@A  — Predicted free-free emission at 23 GHz based on the H

on a sphere and averaging the outputs for each line of sight we Dickinson et al. (2003) template corrected for dust absorp-

can synthesize smooth, spatially varying maps of the splectr tion with the Schlegel et al. (199&)B - V) map by assum-

3.3.1. Estimation of the mixing matrix

parameters (see Ricciardi et al. 2010 for more details). ing a dust absorption fraction of 0.33.
We verified that the inclusion of th&/MAP Ka—W bands in
3.3.2. Reconstruction of the component amplitudes this analysis did not produce appreciable changes in thdtses

The explored frequency range is now coveredHbgnck data
The reconstruction of the amplitudes has been done in pixgth higher angular resolution and sensitivity. Cautionéeded
space at 1resolution using Eqg. (5), exploiting the output of thevhen using k- as a free-free tracer: dust absorption (Dickinson
previous step. To equalize the resolution of the data méas, et al. 2003) and scattering obHphotons from dust grains (Wood
a:m of each map have been multiplied by a window functiorg Reynolds 1999, Dong & Draine 2011) cause dust-correlated
Wg), given by a ® Gaussian beam divided by the instrumererrors in the free-free template, which could bias the AM&csp
tal beam of the corresponding channel (assumed to be Gaussiam. The impact of such biases has been assessed through sim
with full width half maximum (FWHM) as specified in Table 1).ulations as described in Sect. 4.1.
This corresponds, in real space, to convolution with a bBgm For dust emission we used the model of Eq. (1) With=
In order to obtain an estimate of the corresponding noigr afi8 K and estimated the dust spectral ingggxThe reason why
smoothing, the noise variance maps should be convolved witie fixed the dust temperature is that this parameter is mostly
By = (Bs)?. We did this again in harmonic-space, after hawonstrained by high-frequency data, which we do not include
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Fig. 3. CCA estimation of the AME frequency spectrum in the regiomtérest for real data (left panels) and simulated datd{gnels)Top:
areas spanned by the estimated spectra includingrfiors.Middle and bottom: histograms of the spectral parametagg andv, on Ngige = 16
estimated spectral index maps. For the simulated casd fragiels) we consider two convex spectra peaking at 19 GH2a®&Hz and a power-
law model. Top right: the true inputs are shown as solid blaws (power-law) with triangles (19 GHz peak) and squag&sGHz peak) and
the estimations as shaded areas. The blue and red colowvsestimations done exploiting the free-free templates &t FR described in
Appendix C. Middle and bottom right panels: the true inputs shown by solid and dotted vertical lines for the simulaipeaking at 26 GHz
and 19 GHz respectively; the blue dot-dashed and red satddrams show the estimations carried out using theaRE FF; templates, and the

black dashed lines show the estimations for the 19 GHz irperdttsum.

in this analysis. The temperatufg = 18K is consistent with this parameter. We verified thatfféirent choices fogs (up to a

the 1-component dust model by Finkbeiner et al. (1999) aid@ % variationBs from -2.6 to -3.2) changed the results for the
in good agreement with the median temperature of 17.7 K edther parameters only of about 1 %, due to the weakness of the
timated atlb| > 10° by Planck Collaboration XIX (2011). For synchrotron component with respect to AME and thermal dust.
the dust spectral index we obtaingg= 1.73+ 0.09. For syn- As a spectral model for AME we adopted the best-fit model of
chrotron radiation we adopted a power-law model with fixeBonaldi et al. (2007), which is a parabola in the IBi{og(v)

spectral indexss = —2.9 (e.g., Miville-Deschénes et al. 2008),

as the weakness of the signal prevented a good estimation of
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plane parametrized in terms of peak frequengyand slope at true inputs (vertical lines); the red and blue colours artesdsre.

60 GHzmg: We conclude the following:
meolog vy meo(log )2 — If the input AME is a convex spectrum, we are able to ac-
log Traame (V) o (m + 2) logv + 210906r,/60)’ (6) curately recover the peak frequeney, for both the 19 and
9 90 26 GHz input values. Our pipeline is able to distinguish very
Details of the model and justification of this choice are giire clearly between the two input models; biases in the free-fre
Appendix B. We also tested a pure power-law moded(»*) template do notidect the recovery of the peak frequency.
for AME, fitting for the spectral index, but we could not ob- — The estimated spectrum can be slightly biased above 40-

tain valid estimations in this case. This is what we expeamwh 50 GHz, where the AME s faint, as a result of limitations
the true spectrum presents some curvature, as verifiedghrou Of the spectral mode we are using (see Appendix B) and er-
simulations (see Sect. 4.1 and Appendix C). rorsin Fhe free-free template. The systematic erromggis
Our results for the AME spectrum are shown in the left pan- dquantified as 0.5-0.6. _
els of Fig. 3. On average, the AME peaks at 25.5 GHz, with a If the input AME spectrum is a power-law, we obtain a good
standard deviation of 0.6 GHz, which is within estimatioroes recovery when fitting for a spectral index.
(1.5GHz). This means we f|_nd no S|g_n|f|cant spatial variaion \yhen the AME is a power-law the parabolic model is clearly
of the spectrum of the AME in the region of the sky considerggong, as the parameter describing the position of the peak i
here. However, we recall that this only applies tue AME, completely unconstrained and the model steepens conblgera
as our pipeline cannot detect small-scale spatial variafiand \yith frequency. Similarly, when the AME is a curved spectrum
we are restricted to a limited area of the sky. the power-law model is too inaccurate to describe it. As ex-

Our results on the peak frequency of the AME are Sim”EHected, both these estimations fail to converge.
to those of Planck Collaboration XX (2011) for Perseus and

o Ophiuchi and (Planck Collaboration TBC 2013) on compact ) )
dust cloudsWMAP 9-yr MEM analysis (Bennett et al. 2012)5. Reconstruction of the amplitudes

measures the position of the peak for the spectrumgiry Kinits The reconstruction of the ampli
: . . plitude of the components has be
and finds a typical value of 14.4 GHz forfilise AME at low erformed on the °Lresolution version of the dataset. We used

latitudes, which roughly corresponds to 27 GHz when the spefis same frequencies exploited for the estimation of the- mix

trum is in flux density units. According to previous work, a : ~ ;
higher latitudes the peak frequency is probably lower (sge er;(g matrix, except for the free-free template, which hasiive

. uded to avoid possible biases in the reconstruction. €helts
Banday et al. 2003, Davies et al. 2006, Ghosh et aI._201g e shown in Fig. 4. The first and second rows show the com-
Interestingly, the same CCA method used in this paper yiglds

: X >ponents reconstructed at 30 GHz (from left to right: syntiom
around 22 GHz when applyied to the North Celestial Pole regiq, ;e ) e i
(towardsl = 125, b = 25, Bonaldi & Ricciardi 2012). Spatial mission, free-free emission, AME, and thermal dust emmsi

A : ) and the corresponding noise RMS maps. Thanks to the ligearit
variations of the AME spectrum could explain thesefences. e problem, the noise variance maps can be obtained by com

bining the noise variance maps of the channels atebree res-
4.1. Assessment through simulations olution with the squared reconstruction matikx The noise on
o S ~the synchrotron and thermal dust maps is low compared to that
The reliability of our results has been tested with simolasi  for free-free and AME. This is because the 408 MHz map and
The main purposes of this assessment are: thePlanck 353 GHz channel give good constraints on the ampli-
— to verify the ability of our procedure to accurately recovetrUdes of synchrotron and t_hermal dust emission respeytivel
the AME spectrum for dferent input models; . The AME component is correlated at about 60 % and 70 %
— to investigate how the use of foreground témplates — freW—Ith the 10Qum and _theE(B — V) dust templates by Schiegel
free in particular — can bias the results St al. (1998_), 40 % with H_as_lam etal. (1_982) 408 MHz and 20 %
: with He. This favours emission mechanisms based on dust rather

We did this by applying the procedure described in Sect. 4 {@an to other hypotheses, such as curved synchrotron emissi
sets of simulated data, for which the true inputs are known. FaNd free-free emission. TH&B — V) template correlates better
the first target, we performed three separate simulatiarisda  With thermal dust emission than the @@ map (the correlation
ing a diferent AME model: two spinning dust models, peakingogficients being 0’3+ 0.01 and 096+ 0.01 respectively). This
at 19 GHz and 26 GHz, and a spatially varying power-law. F& expected if AME |s_du_st emission. In_fact, both spinningtdu
the second target, we introduced dust-correlated biaséisein @nd thermal dust emission are proportional to the column den
free-free template and quantified their impact on the eséicha Sity; for whichE(B — V) is a better estimator than the 100
parameters. The full description of the simulations andhef t ©Mission, which is stronglyffected by the dust temperature.
tests performed is given in Appendix C. 'I_'he errors due.to the separation process (third and fousth ro
The results are displayed in the right panels of Fig. 3. In ti Fig. 4) are obtained by propagating via Monte-Carlo the un
top panel we show, for each of the three tested input modus, £€rtainties on the mixing matrix estimated by CCA to the reco
true spectrum (solid line) and the estimated spectrum with &truction of the components (see Ricciardi et al. 2010 foremo
rors (shaded area). The red and blue areas distinguish &etw@etails). Essentially, the mixing matrix parameters areoan-
two free-free templates (referred to asFfd FR), which are ized acpordlng to their posterior dlgtnbu'glons; the comegat
biased in a dferent way with respect to the simulated free-freéeParation error on the amplitudes is estimated as thenearia
component. In the middle and bottom panels we show the h{g-GLS reconstructions for tfierent input mixing matrices.

tograms of the recovered spectral parameters comparedheith ~One complication is that in the present analysis we did
not estimate the synchrotron spectral index, but we fixed it a

2 The peak frequency, is defined for the specrum in flux densityBs = —2.9. Thus, we do not have errors on the synchrotron spec-
units tral index from our analysis. We therefore considered twsesa
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AT TS AR sy

WLy

Fig. 4. 1° resolution reconstruction at 30 GHz of (from left to rightynchrotron emission; free-free emission; AME; and thémhat emission.
These reconstructions are performed as described in S8@&. Rows from top to bottom: component amplitudes; noiskSRpredicted RMS of
component separation error due to the estimation of AME hachtal dust spectra; and predicted RMS of component sématror including
arandom error offs = —2.9+ 0.1.

one in which we propagated only the errors on the AME and The predicted error due to separation is generally higtzar th

thermal dust spectral parameters, thus assuming no erigy omoise and on average of the order 15-20 % of the componentam-

(third row of Fig. 4); and another in which we included an inplitude for AME, free-free, and dust. Once we allow some-scat

dicative random erroABs = 0.1 (last row of Fig. 4). ter ongs, the predicted error on synchrotron emission becomes
of the order of 50 %: this indicates that the reconstructicthis
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Fig. 5. Left panels: sum of the components vs frequency maps at (from top to w)t8®, 44, and 70 GHz. The line is the=y relation.Right
panels: pixel distribution of the residual (frequency map-sumta tomponents) maps compared to the best-fit Gaussiarbdtsiri.

component is essentially prior-driven. The inclusiom\gt has The agreement between data and predictions is in general

some &ect on the error prediction for free-free emission, whilgery good. The scatter of the points does not measure th#gygual

AME and dust are mostly ufi@cted. of the separation but the signal-to-noise of the maps. ieases
from 30 to 70 GHz, as the foreground signal gets weaker. The

. . Egors in the component separation show up as systematic-dep
To evaluate the quality of the separation we compared thges of the data from the prediction. As those are not appare

frequency maps with the sum of the reconstructed componegs 5o show on the right panels of Fig. 5 the pixel distributf
atthe same frequency. In the left panels of Fig. Swe plotume.s the residual map compared to the best-fit Gaussian digtibut

of the components for 30, 44, and 70 GHz against the amplitug4 and 70 GHz the scatter, though quite small, dominats th
of the frequency map. The comparison is made“aesolution egiqyal and covers the systematiteets, with the exception of
with Nsige = 128 pixels. The dashed line indicates the= y 5 fe\y outliers, mostly due to compact sources. At 30 GHz the

relation, which corresponds to the ideal case in which the W atter is low enough to reveal a feature: a sub-sample efix
maps are identical.
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6. Free-free electron temperature

1.000F -
E The intensity of the free-free emission at a given frequemidy
respect to k4 can be expressed as

TeWKed _ 70817, 100029 1.08G()(v/10)2, (7)

0.100, . MVILHAR-I
E Hae[Rayleighs]

mMKg.,

where G¢) is the Gaunt factor already introduced in Sect. 3.2
and T, is the electron temperatufg in units of 1¢K. One
caveat is that dust absorbgldmission; this can be quantified by
the dust absorption fractiofy (Dickinson et al. 2003). Therefore
fq andT are degenerate parameters.

The ratioTg(v)/Ha can be obtained by comparing therH
and free-free emission from component separation through a
temperature-temperature plot (TT analysis). We made ffiese-
versus Hr plots by using the CCA free-free solution at 30 GHz
and both Dickinson et al. (2003) and Finkbeiner (2003)teim-
plates corrected for dust absorption foffeient values offy.

We considered3resolution maps, sampled willjge = 64 pix-

els. Besides point sources, we excluded from the analysis th
region most fected by dust absorption based on the Schlegel
et al. (1998)E(B — V) map, as shown in the left panel of Fig. 7.
The electron temperatuiig has been inferred by fitting the data
points with a linear relation and converting the best-fipsido

Te through Eq. (7). The error ol has been derived from the
error on the best-fit slope given by the fitting procedureguigh
error propagation. In the right panel of Fig. 7 we show the TT
plots for the Dickinson et al. (2003)dtemplate, with diterent
colours corresponding to fiierent values offy, and the best-fit
linear relations. The electron temperatures are reportetia
top part of Table 3. We obtaif, = 6000-3500K withfy = 0—

][:ig'6' E.Stimat(e‘j ﬁg‘ﬁw)a Ohf Synclh(;"”o” e.mi.SSio(’é (dashed ”)"eeaf 0.5 for the Dickinson template; the Finkbeiner templatddge
ree emission (solid line), thermal dust emission (dastteddine) an ; ; _ _ ; — 0_
AME (dotted line) for average local properties (top) andBarnard’s glggwer, but consistent, valueg(= 7000-4500K withfy = 0

region (bottom).

0.010F

0.001

1.000F

0.100

YT

mMKeg.,

0.010}

0.001

Frequency [GHz]

6.1. Comparison with cross-correlation with templates

An alternative way to comput@g(v)/He and Te is through

cross-correlation of the ddtemplate with frequency maps (CC

analysis). We cross-correlate simultaneously the tereplfdr
in which the reconstructed signal is higher than the true tmes  free-free, dust, and synchrotron emission, as describ&thosh
creating a negative in the residual. et al. (2012). We used the 408 MHz map from Haslam et al.
(1982) as a tracer of synchrotron emission, Dickinson et al.
(2003) Hx as a tracer of free-free emission and the Finkbeiner
gt al. (1999) model eight 94 GHz prediction as a tracer of dust
eeqr]ission. We used the same resolution, pixel size and skig mas
gdopted for the TT analysis {3and Nsige = 64). As pointed
out by Ghosh et al. (2012), at this resolution the templatiedgi
analysis is more reliable than at because the smoothing re-
duces artifacts in the templates. The correlatiorflocients are
computed for each emission process at a given frequency by
minimizing the generalizeg? expression. We also fitted for an

This kind of systematicféect is very dfficult to avoid when
separating many bright components, because small errtiig in
mixing matrix cause bright features in the residual maps. O
Monte-Carlo approach is however able to propagate these
rors. At 30 GHz the brightest components are AME and free-fr
emission, for which the predicted component separatiar ér
on average 0.04-0.05 mai¢s, in agreement with the level of the
non-Gaussian residuals. Coherent structures in the r@sithps
are induced by the low resolution of the maps of spectralpara

ters, which means that over nearby pixels the error in théngix . :
yPp 19 additional monopole term that can account féliset contribu-

matrix, and thus on the separation, is similar. , . : :

_ ) tions in all templates and the data in a way that does notbhas t
~ InFig. 6 we show the amplitude of the components as a fungsults (Macellari et al. 2011). The chance correlatiomeftem-
tion of frequency. The top panel represents the typicalieba plates with the CMB component in the data causes a systematic
in the Gould Belt, while the bottom one refers to a particulairor in the correlated cdigcients and has been estimated using
case, Barnard's region where free-free emission is pdatigu simulations. We generated 1000 random realizations of B C
strong. The points are the average amplitude of the comp®nagsing the best-fiInCDM model® and cross-correlated each of
at each frequency within the selected regions of the sky. Thfem using the templates with the same procedure appli¢gto t
scaling of the amplitudes with frequency is, by construttiodata. The amplitude of the predicted chance correlatiomngi

given by the spectral model estimated with CCA. The erros basy the RMS over the 1000 realizations, is LdGwvs/uKcme
measure the scatter induced on the amplitudes by the emors o

the spectral parameters (also includikgy = 0.1). 3 httpy/lambda.gsfc.nasa.gproductmapdr4/pow.tt_specget.cfm
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Table 3. InferredT, [K] for TT analysis and CC analysis usingfi@girent Hr templates and dust absorption fractidas

Method Template fg = 0.0 fg=01 fg=0.3 fg=05

TT analysis Dickinson 590@ 2500 5500+ 2500 4700+ 2200 3500+ 1600
Finkbeiner 680Gt 2500 6400+ 2500 5500+ 2400 4600+ 1900
CC analysis Dickinson 4908 1100 4000+ 1000 2600+ 850 2000+ 700
Finkbeiner 700Gt 1300 6400+ 1200 5000+ 1000 3400+ 840

agreement between the two results; in the frequency range 40
60 GHz there is an excess in the correlatedfitcients, which
could be indicative of a contribution from the AME component
(similar to that found by Dobler & Finkbeiner 2008b). Flatiteg

of the CC cofficients forv > 60 GHz is consistent with positive
chance correlation between the CMB and theteimplate.

The dust-correlated céiecients are compared with the com-
ponent separation results in the bottom panel of Fig. 8. The
agreementis very good fer< 40 GHz and’ > 100 GHz, where
AME and thermal dust emission are strong. In the 40-70 GHz
range the CC results are higher than the component separatio
results. As discussed in Appendix B, the parametric fit to the
AME spectrum implemented by CCA could be inaccurate in
this frequency range, where the AME is faint. Alternatively
similar efect could be explained by the presence of a secondary
AME peak, around 40 GHz (e.g. Planck Collaboration XX 2011,
Ghosh et al. 2012) or flattening of the dust spectral indexatde
low frequencies, which are not included in our spectral nhode
Discriminating between these hypotheses is not possilbtngi
the large error bars.

To determine the free-free electron temperature the H
correlation cofficients have been fitted with a combination
of power-law free-free radiation (with fixed spectral indefx
—2.14) and a CMB chance correlation term (which is constant
in thermodynamic units). The amplitude of the free-free eom
ponent with respect to &l resulting from the fit, and its un-
certainty, yieldT, and the corresponding error bar. The results
for the Gould Belt region outside the adopted sky mask are re-
ported in the bottom part of Table 3. We fifid = 5000-2000K
for fy = 0-0.5 with the Dickinson et al. (2003) template, and
Te = 7000-3500K forfy = 0-0.5 with the Finkbeiner (2003)
template.

With respect to the TT analysis, these results are more sen-
o = 100 150 sitive to the choice of the template and thecorrection. In fact,
Hee [Ray kighs] the correlation coicients mostly depend on the brightest fea-
tures in the map, which canftir significantly from one tem-

Fig.7. TT analysis for estimation of.. Top: gnomonic projection Platé to another, while the fit of the TT plot is driven by the
showing the mask used (masked pixels are in black, whildpixeed larger sample of pixels, which is morefidtult to modify in a
in the analysis are in whiteRottom: TT plot comparing the CCA free- Systematic way. The CC results are always consistent wéh th
free solution with the it template forfy = 0 (points) and linear fits to TT ones; however, we note that, for the Dickinson templaitey t
the TT plots for diferent values ofy (lines). are systematically lower. One possible explanation is that
two methods have fterent sensitivity to errors in the template
or in the model used. Spatial variability @% could also give
a systematic dierence in the results, since the two approaches

for the dust template, 1.3 cws/R for the free-free template weight pixels dfferently. Th_is cor_lfirms that estimating the f_ree-
and 3.8:K cve/K for the synchrotron template. free electron temperature is dfittult problem and that caution

In the top panel of Fig. 8 we compare ther Horrelation 'S Needed when interpreting the results.
codficients (points with error bars) with the component separa-
tion results for free-free emission obtained in Sect. 5 dska
area). The flux for both the component separation and crogs-AME as spinning dust emission.
correlation has been computed as the standard deviatidreof t
maps (the separated free-free map and the scatetbiplate, An explanation that is often invoked for the AME is elec-
respectively) as this is notifected by possibleffsets between tric dipole radiation from small, rapidly spinning, Polydic
the Planck data and the hl template. There is generally goodAromatic Hydrocarbon (PAHS) dust grains (Erickson 1957,
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crowaves to the IR. The dust populations and propertiessre a
sumed to be the same as in thfge interstellar medium at high
] Galactic latitude (DHGL), defined in Compiégne et al. (2010
> ] This model includes three dust populations: PAHs; amorphou
o carbonaceous grains; and amorphous silicates. For PAHS; it
¢ ] sumes a log-normal size distribution with centraid= 0.64 nm
0010k | and widtho = 0.4, with a dust-to-gas mass ratMpay/My =
T T $ \% _______ ] 7.8x 104

T Tl ] By fitting the thermal dust spectrum willustEM we deter-

0.100 T

J

o

mK

~] mine the local intensity of the interstellar radiation figB} (the
scaling factor with respect to a UV flux of@x 103 erg stcm 2
integrated between 6 and 13.6eV), and the hydrogen column
: density,Ny. We then fit the AME spectrum witSpDust, the
100 only free parameter being the local hydrogen densitywWe as-
sume a cosmic-ray ionization rager = 5 x 10*"s'H1, and
take the electric dipole moment to be as in Draine & Lazarian
7//97 ' ] (1998), a prescription also shown to be compatible with the
: /////// ] AME extracted fromMVMMAP data (Ysard et al. 2010). It is worth
I %, : noticing that there is a degeneracy with the size of the grain
\\\3 (smaller size yields higher peak frequency and intensitthef
I @ @\\\\}\\ AME). However, the size distribution can only be constrdine
z 0,010k - — i /4? . \\\\\\\\\ using shorter Wavelengt.h data.\ (typ|cally 31-r8).. _The size we
F % Y '—\Q&\.\_ ] are adopting (0.64 nm) is motivated by its ability to reproelu
[ 7 \\\ T~ ] the data in the mid-IR (Compiegne et al. 2011); other models
% 1 adopt diferent sizes (e.g. 0.54nm and 0.5nm in Draine & Li

0.001

Frequency [GHz]

0.100

mK

\\\\\\\\/ | 2001 and Draine & Li 2007 respectively).
\\\\\\\\ 7, As the Gould Belt region contains strong foreground emis-
\\\ 72 . sion components, significantly correlated with each-other
100 expect diferent environments to be mixed in a complex way. In
Frequency [GHz] order to obtain meaningful results for the physical modglive
tried to isolate sub-regions where single environmentsidata.
Fig. 8. Comparison between correlation dideients (symbols with er- To first order, we can use the free-free emission as a tratkeof
ror bars) and component separation results (shaded acedsgd-free jonjzed gas environment, CO emission as a tracer of molecula
emission (top) and dust emission (bottom). For free-fressiom we  ga¢ ‘and associate the rest of the emission with thiessi ISM.
show the Dickinson et al. (2003)dHcorrelation cofficients and for In Fig. 9 we schematically map theféirent environments by

dust emission the Finkbeiner et al. (1999) correlationfodents. The ti threshold the f f L ina f
grey area in the bottom panel is the sum of the AME (blue) aachthl setung a threshold on the iree-iree emission coming from-co

dust (red) components. The dash-dotted line in both pahelssthe PONent separation, the CO emission frétianck, and the to-
1o error due to the chance correlation of CMB with foregrouni-te tal foreground emission at 30 GHz. We identified two reldgive

plates, estimated using simulations. big sub-regions (shown as circles in Fig. 9) as selectiorisiwh
are dominated by ionized gas andfdse ISM environments. It
would not be meaningful to consider smaller areas because of
the patch-by-patch estimation of the AME frequency scaling
Draine & Lazarian 1998, Dobler & Finkbeiner 2008b, Doblewhich means that our AME spectra are averaged over relgtivel
et al. 2009, Hoang et al. 2011). large areas of the sky. Due to the clumpiness of the molegakar
Alternatively, the AME could be due to synchrotron radiaenvironment it was not possible to select a region for th&eca
tion with a flat (hard) spectral index (e.g. Bennett et al. 200 It is worth noting that some molecular gas may be contained in
The presence of such a hard spectrum synchrotron comporteetdifuse ISM region.
could be highlighted by comparing the 408 MHz map of Haslam The spectra of AME and thermal dust in the 20-353 GHz
et al. (1982), which would predominantly trace steep spettr frequency range are based on component separation rdats.
radiation, with the 2.3 GHz map by Jonas et al. (1998), whidhequency scaling is that estimated with CCA and the normal-
would be more sensitive to flat spectrum radiation. Thisassization is given by the average of the reconstructed angsitu
has been studied in detail by Peel et al. (2011) using a crosgap in the region of the sky considered. The error bars on the
correlation oMMMAP 7-yr data with foreground templates. Theydata points include the RMS of the amplitude in the same re-
analysed the region defined by 78 | < 210, -55° < b < gion (considered as the error in the normalization) and the e
—25° and found that the dust-correlated fit@ents are mostly rors on the estimated spectral parameters. The thermadpleist
unafected by the use of the 2.3 GHz template instead of thra have been complemented with higher frequency datagoint
408 MHz template. This indicates that hard synchrotronaradicomputed directly from the frequency map3anck 545 GHz
tion cannot account for most of the dust-correlated componend 857 GHz; IRIS 100m map; and the IRIS 12m map cor-
at low frequencies. rected for Zodiacal light emission used in Ysard et al. (9010
To check the hypothesis of spinning dust emission we ap- The results of the modelling for the ionized gas anudie
plied the method proposed by Ysard et al. (2011), which étploIlSM regions within the Gould Belt are shown in Fig. 10. The
the SpDust (Ali-Haimoud et al. 2009, Silsbee et al. 2011) anémpirical spectra of AME coming from component separation
DustEM (Compiegne et al. 2011) codes, to model the frequencgn be successfully modelled as spinning dust emissiorofibr b
spectra of thermal and anomalous dust emission from the meégions. The match between data and model becomes worse at

0.001
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Planck Collaboration XX (2011) and Planck CollaborationIXX
(2011), showing that most of the observed AME could be ex-
plained by spinning dust in dense gas. In fact, whenever we
have a mixture of warm neutral medium (WNM), warm ionized
medium (WIM) and CNM, the spinning dust spectrum is domi-
nated by the denser phase, which emits more strongly. Indhe b
tom panel of Fig. 10 we consider for the ionized region a nrixtu

of two phases, one having lower density (= 0.1 cnT3, 46 %)

and one having higher densitp( = 55cnT3, 54 %), illumi-
nated by the sam@, as in the middle panel. Such a mixture fits
the data somewhat better at 23 GHz than the one-phase model
considered previously (the error in the fit at this frequeneing
0.30 instead of 0.9). In order to fully isolate and study dif-
ferent ISM phases (ionizgaeutral, dengéiffuse), both the ob-
servations and the analysis should be carried out at highlang
resolution.

8. Conclusions

We performed an analysis of thefidise low-frequency Galactic
foregrounds as seen Bfanck in the Southern part (13 | <
230 and-50° < b < -10°) of the Gould Belt system, a local
star-forming region emitting bright fluse foreground emission.
BesidesPlanck data our analysis includ&®MAP 7-yr data and
foreground ancillary data as specified in Table 2.

We used the CCA (Bonaldi et al. 2006, Ricciardi et al. 2010)
component separation method to disentangle tiies Galactic
foregrounds. In the region of interest the synchrotron comemt
Fig. 9. Partitioning of the Gould Belt region based on thresholdsrovis smooth and faint, and ultimately not well constrained.
free-free emission (red), CO emission (blue), and tOtalSSmh. at The free-free emission is strong and it C|ear|y dominates
30 GHz (yellow), used as tracers ofurgjas, molecular gas, andfiise i the Orion-Barnard region. We inferred the free-free &tet
ISM environments, respectively, and the rest of the Gould Bgion oy herature both by cross-correlation (CC) of channel maps
(light blue). Circled regions are those selected for the matation of .
spectra and have been labelled as-¢ths (Barnard’s arc) and filise with foregrou_nd templates and temperature-tempe_ratu'fe (T
ISM (centred orl = 190, b = —35°) regions, respectively. plots comparing the reco_nstructed free-free emissio with H

maps. We obtaineil, ranging from 7000 to 2000 K fofy=0—

0.5, in agreement with other recent results (Ghosh et aRR01

The use of the Finkbeiner (2003Hemplate yields systemati-
higher frequencies, where the AME spectrum could be biaseally higherTe than the Dickinson et al. (2003) one. In the case
(see Sect. C and Appendix B). of the TT analysis the dierence is around 1000 Kk (107), while

The joint fit of thermal and spinning dust models yieldéor the CC analysis it can reach 2500K (about)2 The CC
plausible physical descriptions of the two environmemisthie ~ results for the Dickinson et al. template are also systealyi
top panel of Fig. 10 the diuse ISM region is modelled with lower than the TT ones, yet consistent within.1

Ny = 2.46x 10?2'H cm 2, Gy = 0.55 andny=50cnt3. The ion- The AME is the dominant foreground emission at low fre-
ized region (middle panel) is modelled wiy, = 5.73x 10?1  quencies over most of the region considered. We estimated th
Hcm 2, Gy = 0.90 andny =25 cnt?. AME peak frequency in flux density units to be.3% 1.5 GHz,

We tested the stability of these results against calibnaie almost uniformly over the region of interest. This is in agre
rors on the high frequendglanck (545 and 857 GHz) and IRIS ment with AME spectra measured in compact dust clouds (e.g.
(100um and 12um) data (the remaining data points come frorPPlanck Collaboration XX 2011) and/MAP 9-yr results at low
the component separation procedure and their error baxadylr latitudes (once the same convention is adopted, e.g. théE A
include systematic uncertainties). The actual calibratincer- spectrum is converted fromg; to flux density, Bennett et al.
tainty on thePlanck 545 and 857 GHz channels is estimated t8012). In the case of fiuse AME at higher latitudes a lower
be about 5 %, but is currently being re-evaluated; that otRIf& peak frequency is favoured (Banday et al. 2003, Davies et al.
data is of the order 10% or larger, especially apfiPwhere it 2006, Ghosh et al. 2012, Bonaldi & Ricciardi 2012). The abil-
also includes errors on the zodiacal light subtraction. \aeh ity of our pipeline to correctly recover the peak frequendy o
verified that very conservative uncertainties up to 20 % looth the AME, v,,, has been verified through realistic simulations. We
Planck and IRIS data have negligible impact g, while they also considered theffect of systematic errors in the spectral
may dafectNy andny (up to a level of about 10 %). The overallmodel and in the free-free template and we demonstrated that
picture however does not change: the ionized region is kessal they have negligible impact on.
and illuminated by a stronger radiation field than théudie re- Following Peel et al. (2011), a hard (flat spectrum) syn-
gion (which is expected to contain mostly neutral gas). Boéh chrotron component would not befBaient to account for the
spectra can be modelled as spinning dust emission arising frdust-correlated low-frequency emission in this regionslip-
regions with densities characteristics of the cold neumtredium  port of the spinning dust mechanism, we performed a joint-mod
(CNM, a few tens of H per ch). This confirms the results of elling of vibrational and rotational emission from dustigsaas
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Fig. 10. Frequency spectra (black points with error bars) for thérmg

dust emission and AME compared, respectively, wittstEM and

described by Ysard et al. (2011) and we obtained a good de-
scription of the data from microwaves to the IR. The fit, which
we performed separately for the ionized area near to Bamard
arc and the dfuse emission towards the centre of our region,
yields in both cases plausible values for the local density a
radiation field. This indicates that the spinning dust medra

can reasonably explain the AME in the Gould Belt.
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Appendix A: Harmonic-domain CCA

The sky radiationx, from directionr at frequency results from
the superposition of signals coming fraa different physical
processes;”

Ne

%) = > §(r,v).

=1

(A.1)

The signalXis observed through a telescope, the beam pattern of
which can be modelled, at each frequency, as a spatiallyianta
point spread functiom(r, v). For each value of, the telescope
convolves the physical radiation map wiB The frequency-
dependent convolved signal is input toldgrchannel measuring
instrument, which integrates the signal over frequencyefurh

of its channels and adds noise to its outputs. The outputeof th
measurement channel at a generic frequerisy

N
%,(r) = f B(r—1'.v) D 4,0/ (. »)drdy +n(r).  (A2)
=1

wheret,(v') is the frequency response of the channel ay{d)
is the noise map. The data model in Eq. (A.2) can be simplified
by virtue of the following assumptions:

— Each source signal is a separable function of direction and
frequency, i.e.,

5(.) = s f0); (A3)

— B(r,v) = B,(r) is constant within the bandpass of the mea-
surement channel.

These two assumptions lead us to a new data model:

Ne

X(r) = By() )" hysi(r) + 0y (1), (A.4)
=1

wherex denotes convolution, and

h,= fty(v')fj(v’)dv’. (A.5)

For each locatiorr,, we define:

— theN¢-vectors (sources vector) whose elements sgj();
— theNg-vectorx (data vector) whose elements agér);

— theNg-vectorn (noise vector) whose elements agr);
— the diagonaNg-matrix B whose elements ai, (r);

— theNy x N¢ matrix H containing allh,; elements.

Then, we can rewrite Eq. (A.4) in vector form:
X(r) = [B = HS|(r) + n(r). (A.6)

The matrixH is called the mixing matrix and contains the fre-
guency scaling of the components for all the data maps ieeblv

When working in the pixel domain, under the assumption
that B does not depend on the frequency, we can simplify
Eq. (A.6) to

X = Hs+ n, (A7)

where the components in the source vestare now convolved
with the instrumental beam.

Eqg. (A.6) can be translated to the harmonic domain, where,
for each transformed mode, it becomes

X = BHS+ N, (A.8)
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whereX, S, andN are the transforms of, s, andn, respectively, bins. The term/lc\T/CcV is a quadratic stabilizer for the source
andB is the transform of matri8. Relying on this data model power cross-spectra: the mat@Xis in our case the identity ma-
we can derive the following relation between the cross-spectrix, and the parameter must be tuned to balance thfeets of
of the dataﬁx(ﬁ) sourcef)s(f) and noiseEn(Z) all depending data fit and regularization in the final solution. The funictb

on the multipolef: in Eq. (A.13) can be considered as a negative joint log-pioste
for pandcy, where the first quadratic form represents the log-
Cx(£) = B(OHC(OHB'(£) + Cn(0), (A.9) likelihood, and the regularization term can be viewed asga lo

_ o prior density for the source power cross-spectra.
where the dagger superscript denotes the adjoint matrix.

To reduce the number of unknowns, the mixing matrix iz N
parametrized through a parameter vegi@such thati = H(p)), APPendix B: Spectral model for AME

using the fact that its elements are proportional to thetsp@é  Theoretical spinning dust models predict a variety of spect
astrophysical sources (see Sect. 3.2). “which can be substantially fiiérent in shape, depending on
Since the foreground properties are expected to be syatiafl |arge number of parameters describing the physics of the
variable, we work on relatively small square patches of datgedium. The number of such physical parameters is too large
This allows us to use the 2D Fourier transform to approximag pe constrained by the data in the available frequencyerang
the harmonic spectra (see, e.g., Bond & Efstathiou 1987).  For the purpose of the estimation of the spectral behavibiineo
The HEALPix (Gorski et al. 2005) data on the sphere al@viE we adopt a simple formula depending on only a few pa-
projected on the plane tangential to the centre of the patdh gameters. The CCA component separation method used in this
re-gridded with a suitable number of bins in order to colyectyork implements the parametric relation proposed by Bdnald
sam_ple the erglnal _resolutlon_._Each pixel in the proleut_ad etal. (2007) [Eq. (6)], depending on the peak frequengyand
age is assqmated with a specific vector norma_\l to the tansgengmpe at 60 GHazyeo. To verify the adequacy of this parametriza-
plane and it assumes 'ghe value of the HEALPIx pixel nearestign we produced spinning dust spectra fafetient input phys-
the corresponding position on the sphere. Clearly, theeptigin  jca| parameters with thépDust code and fitted each of them
and re-gridding process will create some distortion in thade ith the proposed relation by minimizing thé for the set of
at small scales and will modify the noise properties. Howevgrequencies used in this work. The input models we consider a
we verified that this has negligible impact on the spectradn Eyeak neutral medium (WNM); cold neutral medium (CNM);
(A.9) for the scales considered in this work and, therefore, \yeak ionized medium (WIM); and molecular cloud (MC). Both
the spectral parameters.(i, j) contains the data projected onthe inputspbust parameters and the bestifigo, v, parameters
the planar grid an(i, j) is its 2-dimensional discrete Fourieffor each model are reported in Table B.1. For comparison, we

transform, the energy of the signal at a certain scale, wtoch 150 consider alternative parametric relations and iriqudar:
responds to the power spectrum, can be obtained as the averag

of X(i, j)X'(i, j) over annular bin®;, P=1,... Loax (Bedini& ~ the model implemented in thmmander component sepa-
Salerno 2007): ration method (Pietrobon et al. 2011, Planck Collaboration
IX 2012) which is a Gaussian in thEcmg — In(v) plane,
. 1 . . R
_ 1 CoNt parametrized in terms of central frequency and width;
O =W Z X (0. DX 1), (A-10)  _ the Tegmark et al. (2000) model, which is a modified black-

£ 1.jeD; body relation [Eq. (1)] having temperature aroun@3K

whereM; is the number of pairs (j) contained in the spectral ~ and emissivity index around 2.4;

bin denoted byD;. Every spectral biff is related to a specifi€  As this test does not account for the presence of the other com
in the spherical harmonic domain by ponents and does not include any data simulation, it vettiies
5 intrinsic ability of the parametric model to reproduce tletual

€= (€= 1) 2pA¢/Noix (A.11) spectra. Realistic estimation errors for the CCA model &e d

wherepis the thickness of the annular bify, = 180/ Lgeq(Npix—  1V€d through simulations in Appendix C. _

1), andLgeg, Nyix are the size in degrees and the number of pixels Fig. B.1 compares the input spectra with the best-fit models

on the side of the square patch, respectively. for the diferent parametrizations. In general, the fits are accu-
If we reorder the matrice8y(?) — Cn(f) andCs(?) into vec- rate at least up te = 50-60GHz, while at higher frequencies

torsd(¢) andc(é), respectively, we can rewrite Eq. (A.9) as the parametric relations may not be able to reproduce thet inp
spectra in detail. This is a consequence of fitting complexcsp

d(?) = Hi(O)c(?) + €(?), (A.12) tra with only a few parameters. The fit tends to fail where the
. . AME signal is weaker.

whereHk(¢) = [B(O)H] ® [B(£)H], and the symbok denotes the Over the frequency range considered, CCA @ominander

Kronecker product. The vectal(¢) is now computed using the models fit the input spectrum generally better than the Tegma

approximated data cross-spectrum matrix in Eq. (A.10)e{fid €t al. (2000) model (which fallsfbtoo rapidly at high frequen-

represents the error on the noise power spectrum. cies). When adding lower frequency data, however, CCA and
The parameter vectqu and the source cross-spectra are flcommander models will be increasingly inaccurate, as they are
nally obtained by minimizing the functional: symmetric with respect to the peak of the emission. The mod-
els implemented by CCA an@ommander perform quite simi-
®[p,cv] = (A.13) Jarly, despite the dierent formulation. As a result, those meth-
[dv — Hke(p) - ov]"NZA[dv — Hka(p) - cv] + Ac)Cey. ods are able to give consistent answers, which ensures con-

. . sistency between fierent analyses withiRlanck (e.g. Planck
The vectorsdy andcy contain the elementd(¢) and c(¢), re- Collaboration IX 2012).

spectively, and the diagonal matricelgs andN, the elements ~ The CCA model used in this work provides a reasonable
Hk(¢) and the covariance of erref) for all the relevant spectral fit to theoretical spinning dust models for a variety of plogsi
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been done intentionally, to reflect a more realistic sitrati

10? wvl 10 NV Another realistic feature we included is the presence ajrerr
100} 100l in the synchrotron and free-free templates. The spatidlviér
ity of the synchrotron spectral index modifies the morphglog
107f 107¢ of the component with respect to that traced by the 408 MHz
w 104 104} map from Haslam et al. (1982). The use ok lds a tracer of
g . free-free emission isfected by even larger uncertainties. Our
£ e uncertainties on the dust absorption fractigr{estimated to be
5 ol 100k fq = 0.33"3 12 at intermediate latitudes by Dickinson et al. 2003)
3 and on the scattering ofdphotons from dust grains, can cre-
'c—;u 102} 10%f ate dust-correlated biases in the template. This is ittt in
5 104| 104 Fig. C.1, where we compareftirent versions of the free-free
template. FRer is our reference template, adopted for the anal-
10° 10° ysis of real data and for simulating the component, whiclois ¢
0 equency [GHY Y rrequency [GHY) rected forfy = 0.33 as described in Dickinson et al. (2003). Two

_ _ o more templates (RFand FFR) have been obtained by correcting
'(:Igi g’ll Tr)‘eorgt'fcad dSp'nQ'g% dLéSt moldgé;s pmd“ce‘(jd"‘mu;t) Ha for fg = 0.33- 0.15 andfy = 0.33+ 0.1 (x10 according
solid lines) and fitted witl A (trianglesfommander (diamonds), Y " N

. to Dickinson et al. 2003). A final template (fFhas been ob-
and Tegmark et al. (2000) (asterisks) models. Ijmust parameters taineld tIJy correcting FFFE) for écattereg) Iight(gt the 15 % level
and best-fit parameters for the CCA model are provided ineTBHL. by subtracting from the fT’ee- free map therh map of Schlegel
et al. (1998) multiplied by a suitable constant factor (Wital.
2010). Diterence maps (F FFrep)/FFrer, presented in the

conditions. The best-fit parameters that we obtain, reddrte lower panels of Fig. C.1, are on average of order of 10 %, but
Table B.1, vary significantly from one input model to anothegan be much higher (up to 50-60%) in regions of strong dust
and have a straightforward interpretation in terms of thecsp emission.

trum.

When analysing the simulated data, we used both dtfel
_ o ) ) FF, as free-free templates in place ofdgr, which corresponds

Appendix C: Description of the simulations to the simulated component. For synchrotron emission the mo
phological mismatch between the simulated component and th

We simulated Planck and WMAP 7-yr data by assuming I has b hieved b i h f
monochromatic bandpasses positioned at the central fnequetemp ate has been achieved by scaling the component from

of the bands, Gaussian beams at the nominal values indicateg> GHZ 10 408 MHz with a spatially varying spectral index. The

Tables 1 and 2, and Gaussian noise generated accordind-to I%%mparlson between component and template is presented in

P : : . : C.2; the diferences are of the order of 10%. The sim-
gtlt(;],es?oe}r:)?lv%\g/aéglrﬂggr(])(lesnetsl?MS. Our model of the sky detes ulated data-sets described above have been analysed with th

CCA method using the same procedure applied to the real data;

— CMB emission given by the best-fit power spectrum modgte results of this assessment are presented in Sect. 44. As
from WMAP 7-yr analyses; separate test, we verified the impact of the CMB component on

— synchrotron emission given by the Haslam et al. (1982) ter#e results for, andmeo. We generated 100 sets of mock data
plate scaled in frequency with a power-law model with a sp&aving the same foreground emission anilledent realizations
tially varying synchrotron spectral indgs, as modelled by of CMB and mstrumentz_;ll noise, apd repeated the estlmaﬂon o]
Giardino et al. (2002); th_e AME fr(_equency scaling. For this test we used the simutati

— free-free emission given by the Dickinson et al. (200&) HWith a spatially constant AME spectrum peaking at 26 GHz. As
corrected for dust absorption with thgB — V) map from this analysis is computationally demandlng, the CCA ediona .
Schlegel et al. (1998) with a dust absorption fractlgn= has been performed only on the 10 independent patches sgveri
0.33, and scaled in frequency according to Eq. (2) With= the Gould Belt region (centred on latitude20° and—-40° and
7000K: longitudes of 140, 16, 180, 20C, and 220). In Fig. C.3 we

— thermal dust emission modelled with the 366 map from show the average (diamonds) and RMS (error bgygndmeo

Schlegel et al. (1998), scaled in frequency according ®yer the 100 realizations for each patch, fdfetient patches on
Eq. (1) withTq = 18K and a spatially varyingq having thex-axis. The scatter between the results obtained féermint

average value of 1.7; patches (indicated by the grey areain the plots) is typidatber
— AME modelled by theE(B — V) map from Schlegel et al. than the_z error b_ars, measuring the scatter dueffe_:ré_ht CMB
(1998) with intensity at 23 GHz calibrated using the result&alizations. This means that the foreground emissionraéye
of Ghosh et al. (2012) for the same region of the sky. dominates over the CMB as a source of error. Larger error bars
associated with the CMB are obtained for three patches bavin
We adopted more than one spectral model for the AME. Wainter foreground emission. For such patches the estirerte
first considered two convex spectra, generated witlsibast  rors onyv, andmgo are consistently larger. The CMB variation re-
code: one peaking around 26 GHz and the other peaking arosnéts on average inv, = 0.1 GHz andAmgo = 0.3, which reach
19GHz. We also tested a spatially varying power-law modél3 GHz and 0.8, respectively, for the worst sky patch. Those
(with spectral index of3.6 = 0.6, Ghosh et al. 2012), which values are below the error bars resulting from the analysheo
could result from the superposition of multiple convex camp data, which amount to 1-1.5 GHz fag§ and 1.5-2 fomgo. The
nents along the line of sight. CMB has limited impact on the results because this compadsent
It is worth noting that the simulated sky is more complermodelled in the mixing matrix. Having a known frequency scal
than the model assumed in the component separation. This imas the statistical constraint used by CCA is able to trdwe t
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Table B.1.Spdust input parameters for the spectra in Fig. B.1 andfiigstrameters for the CCA spectral model.

SpDust CCA
model name nH [cm-3] TK]  x Xt Xc Vo Mso
WNM 0.4 6000 1.00 0.10 0.0003 24.22 7.53
CNM 30.0 100 1.00 0.0012 0.0003 29.00 4.93
WIM 0.1 8000 1.00 0.99 0.001 27.30 5.66
MC 300 20 0.01 0.0 0.0001 38.77 2.00

Fig. C.1. Free-free templates at 23 GHz used for the analysis. Theerafe template Figr is in the upper left corner; the other columns (left to
right) are Fk, FF, and FF, respectively. The dierences in the lower panels (FFFFrer)/FFrer are on average of the order of 10 %, but reach
50 % in regions of strong dust emission.

pattern of the CMB through the frequencies with good preaisi °
and hence identify it correctly.
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